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Impact of CeQO; substitution on structural, magnetic and ferroelectric properties
Of BiFeOs3-BaTiO; lead free multiferroics for actuator applications
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Ce-doped polycrystalline 0.7BiFe03-0.3(BaTi;«CexO3) (x=0.00-0.07) ceramics were
synthesized via solid-state method. XRD confirmed a rhombohedral perovskite structure,
with lattice parameters and Fe-O bonds showing distortions upon Ce addition. FE-SEM
revealed homogeneous grain distribution with well-defined boundaries, indicating
densification. Magnetic measurements using VSM showed variations in the saturation
magnetization and coercivity with Ce ions. The highest magnetization occurred at x=0.03
and decreased at higher concentrations due to Fe*" superexchange interaction dilution.
Dielectric measurements showed Curie temperature decreased and then stabilized at higher
Ce concentrations. Polarization-electric field loops indicated a transition from ferroelectric
to relaxor behavior, with the Ce concentration improving energy recovery for storage
applications.
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1. Introduction

Multiferroic materials have become an important research area in materials science. These
materials exhibit several ferroic properties, such as ferroelectricity, ferromagnetism, and
ferroelasticity. Multiferroics are appealing because of their potential applications in energy-
harvesting systems, sensing devices, and data storage. The magnetoelectric (ME) effect, which
allows the magnetic characteristics to be controlled by electric forces or vice versa, is a particularly
intriguing feature of multiferroics [1]. The development of novel devices with dual functionality is
facilitated by this coupling mechanism, which is frequently ascribed to the Dzyaloshinskii-Moriya
interaction [2]. However, identifying materials that exhibit strong magnetoelectric coupling at room
temperature is the main challenge in multiferroic research. For practical applications, single-phase
multiferroics must be enhanced because they typically exhibit weak interactions.

Bismuth ferrite, often known as BiFeO; or BFO, is a multiferroic material that has attracted
considerable interest due to its exceptional capacity to display both ferroelectric and
antiferromagnetic characteristics at normal temperature [3-4]. Its structure is a deformed
rhombohedral perovskite with alternating layers of Bi and Fe ions in the R3c space group [5]. This
configuration permits antiferromagnetism through superexchange interactions between Fe'* ions
and ferroelectricity through the Bi** lone pair stereochemical activity [6]. BFO can operate in a
variety of settings due to its high Curie temperature (T.) of approximately 1083-1143K and Néel
temperature (Tn) of approximately 595-667K [7-8]. However, their structural instability, large
leakage currents, and poor magnetoelectric coupling limit their practical applications. When ABOs
perovskites form a composite with BiFeOs, it helps stabilize the crystal structure and improve the
electrical properties.[9]. BiFeOs; - BaTiOs lead-free piezoceramics have been studied to optimize
their ferroelectric and piezoelectric performance [10-12]. To overcome these challenges, various
researchers have investigated composite systems combining BFO with other ABO; perovskites, such

* Corresponding author: kvramesh11@gmail.com
https://doi.org/10.15251/JOR.2025.216.769



https://www.chalcogen.ro/index.php/journals/journal-of-ovonic-research
https://www.chalcogen.ro/index.php/journals/journal-of-ovonic-research?view=article&id=664&catid=12
https://doi.org/10.15251/JOR.2025.216.769

770

as BaTiO; (BT) [13]. The enhanced stability of the perovskite structure and the decrease in oxygen
vacancies help explain the better electric characteristics of the 0.7BiFe0s-0.3BaTiOs (0.7BF-0.3BT)
composite. The 0.7BF-0.3BT system has been reported to have excellent piezoelectric properties
with ds3 = 210 pC/N, high T.= 507 “C' and low leakage current density, making it suitable for high-
temperature applications [12].

Doping with rare-earth elements, including Sm*", La**, Nd**, Yb*", Er’*, Gd*', and Ce’"is
a crucial approach for improving the properties of BFO and its composites [9, 14-17]. These
elements produce oxygen vacancies when doped at A or B-sites of the perovskite lattice, thereby
improving ferromagnetic interactions and simultaneously lowering leakage currents. For example,
lattice strain induced by Ce** doping not only stabilizes the thombohedral phase, but also increases
polarization and magnetization, thus producing multifarious behavior [8]. Apart from structural
enhancements, rare-earth doping improves the dielectric constant, ferroelectric switching, and
energy-storage capacity. For instance, Ce doping in the BFO-BT system has been demonstrated to
significantly increase the dielectric constant and lower dielectric losses, thereby qualifying these
materials for high-frequency applications [6]. Moreover, the reduction of antiferromagnetic spin
cycloids by doping improves magnetoelectric coupling, thereby providing new opportunities for
sensor and actuator technologies [18]. In this study, rare earth cerium (Ce) was doped into the Ti
sites of BaTiOs in the 0.7BF-0.3BT composite to further enhance the properties of 0.7BF-0.3BT.
also deeper understanding of the influence of Ce addition on the structural, ferromagnetic, and
electric properties of the 0.7BF—0.3BT system by systematically varying the Ce concentrations and
studying their effects to determine the optimal doping level for enhancing the material properties of
the system for data storage, energy harvesting, and sensing applications.

2. Experimental

0.7BiFe0;— 0.3(BaTi;xCexO3) ceramics (x=0,0.01,0.03,0.05 and 0.07 abbreviated as Ce00,
Ce01, Ce03, Ce05 and Ce07 respectively) were synthesized by using the conventional solid-state
reaction method. Analytical grade Bi,O3, Fe,Os3, BaO, CeO,, and TiO, powders were used, All the
powders were weighed in stoichiometric proportions and mixed thoroughly. In addition, 10 mol%
Bi,0O3 was used in addition to the required proportion to compensate for evaporation loss during
sintering. The resultant mixture for 4h in an agate mortar for homogeneity. The mixture was then
transferred into a crucible and calcined in an oven at 800°C in a furnace for 2h. The samples were
pressed into pellets in a 10 mm die using a hydraulic press at the optimum pressure. The pellets were
sintered at 800°C at 2 hours in a furnace. The sintering of the samples was controlled to minimize
defects, such as secondary phases and porosity, which influence the dielectric and ferroelectric
properties. The densities of all the samples were determined using the Archimedes principle. For
electrical property analysis, silver paste was applied on both sides of the pellets and heated at 500°C
for one hour.

Crystallographic analysis of all samples was performed using an X-ray diffractometer
(Bruker Advanced with Cu Ka 1.5406 A) for the structural and phase identification of the samples.
Surface morphology and elemental identification of the samples were carried out using FESEM
(TESCAN-MIRA) with an accelerating voltage of 25 keV. The magnetic measurements were
performed using a vibrating sample magnetometer (Lakeshore VSM 7410). The dielectric properties
of all samples were measured using an impedance analyzer (PSM 1735 Newton 4™ Ltd) from room
temperature to 500 °C at a frequency of 1 MHz. P-E loop analysis of the samples was performed
using a P-E loop tracer of Radiant Technologies.

3. Results and discussion

3.1. Structural studies

The X-ray diffraction (XRD) patterns of 0.7BiFeOs - 0.3(BaTi;-xCex03), with x=0.00, 0.01,
0.03, 0.05, and 0.07 samples, are shown in Fig. 1. The Rietveld analysis shown in Fig. 1 confirmed
that all samples exhibited a rhombohedral perovskite structure belonging to the R3¢ space group.
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This is in line with existing literature [8]. The values obtained from XRD refinement are presented
in Table 1. The most intense diffraction peak was observed at approximately 31.85" as shown in
Fig. 2, indicating a rthombohedral perovskite structure of the samples. The lower angle side
diffraction peak shift indicates the lattice expansion of the present samples. Furthermore, some small
diffraction peaks observed at approximately 30°are probably related to the secondary phases
generated during sample processing. These peaks imply the presence of localized structural
distortions resulting from Ce ion addition, even though they have no appreciable effect on the
structural integrity of the main rhombohedral phase [19]. From the refinement data, Ce addition
causes a variation in the lattice constant and increases the volume of unit-cell, which is due to the
difference in ionic radii between Ce (1.01 A) and Ti (0.67 A) ions. which results in lattice distortions
due to the differences in the ionic radii. Similar kinds of lattice distortions were also observed for
various rare earth elements doped BiFeOs due to the larger ionic radii of rare-earth elements leading
to increased unit cell volume [20-21].
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Fig. 1. Reitveld XRD diffractograms of 0.7BiFeQs- 0.3(BaTi;.«Ce.O3) (a-e: x=0.00 to 0.07)
and (f) Crystal structure.
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Fig. 2. Magnified view of the peak near 31.85 for 0< x<0.07.

Table 1. Lattice parameters of 0.7BiFeQOs- 0.3(BaTi;xCe.O3) ceramics [x=0,0.01,0.03,0.05,0.07]. The
numbers in parentheses denote the uncertainty in the least significant digit.

Parameter Ce00 Ce01 Ce03 Ce05 Ce07

al 5.6067(19) 5.6099(9) 5.6114(7) 5.6100(7) 5.6093(8)
cA 13.770(6) 13.798(3) 13.799(2) 13.796(2) 13.803(2)
Vv A3 374.8687 376.0598 376.2883 376.0188 376.1157
Fe-O-Fe 154(4) 151.3(15) 157.0(15) 155.7(15) 157.5(15)
Fe-Ol1 2.12(11) 2.18(4) 2.10(4) 2.07(4) 2.06(4)
Fe-O2 1.95(11) 1.92(4) 1.96(4) 1.99(4) 1.99(4)
<Fe-O> 8.01 4.54 9.18 8.91 9

Additionally, the influence of Ce*" ions in the 0.7BiFe0s-0.3(BaTi;Ce,O3) system was
studied using the Fe-O bond angles and bond lengths calculated by XRD Rietveld refinement
analysis; the obtained values are given in Table 1. Fe-O-Fe bond angle measurements play a
significant role in understanding the magnetic properties of materials. In the present investigation,
the Fe-O-Fe bond angle was observed for Ce0 (154°) and varied with the Ce concentration from
Ce01(151.3%) to Ce07(157.5"). This type of nonlinear variation in the Fe-O-Fe bond angles with the
addition of Ce*" initially at lower concentrations distorts the octahedral sites and is structurally
stabilized at higher concentrations. The enhanced Fe-O-Fe bond angles at higher concentrations
reduced the B-site tilting and improved the Fe>*~O*-Fe*" magnetic super-exchange interactions. The
variations in the Fe-O1 bond lengths also confirm the influence of Ce on the perovskite lattice.
Initially, it increased for the CeOl sample, indicating lattice expansion; for the remaining
concentrations, the Fe-O1 bond lengths decreased, suggesting contraction of the B-site, which
resulted in lattice strain. The Fe-O2 bond length has very low fluctuations, indicating major
structural changes along the Fe-Ol axis. The average Fe-O bond length varied with the Ce*"
concentration and reached a maximum for the Ce03 sample (A) and stabilized for the Ce05 and
Ce07 samples. This behavior indicates that most structural modifications occurred in the Ce03
sample, creating an ideal equilibrium between the lattice expansion, polarization retention, and
minimized B-site distortion. The broadening of the small peaks with the addition of Ce** ions
suggests that the prepared samples have particle sizes in the nano range, as confirmed by Field
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Emission scanning electron microscopy (FESEM) analysis. The three-dimensional crystal structure
of'the 0.7BiFe03-0.3(BaTi; xCexO3) system was drawn with the help of VESTA 3 software [22], and
it is shown in Fig. 1(f).

3.2. Morphological studies
The FESEM images of the Ce00, Ce01, Ce03, Ce05, and Ce07 samples are shown in Fig.
3. All FESEM images were taken at 60k magnification and 500 nm resolution.

Fig. 3. SEM of micrographs on polished and thermally etched surfaces of 0.7BiFeOs- 0.3(BaTi;.xCe.O3)
ceramics: (a) x=0, (b) x=0.01, (c) x=0.03, (d) x=0.05, (e) x=0.07.
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The FESEM images revealed a homogeneous distribution of well-defined grains of varying
sizes with clear grain boundaries. In addition, the microstructure of the sample clearly indicated that
the surface was densely populated with grains. The sintered samples exhibited a layered compound
structure, which aligns with previous reports [20, 23]. The average grain size of the samples was in
the range of 354-608 nm. The larger grain size and better grain boundaries of the samples indicate
the highly dense and polycrystalline nature of the material. The nature of the samples plays an
important role in improving their magnetic and electrical properties.

3.3. Magnetic studies

The magnetic behavior of the Ce00, Ce01, Ce03, Ce05, and Ce07 samples are shown in Fig.
4. From the VSM graphs, magnetic properties such as saturation magnetization (Ms), remanent
magnetization (Mr), and coercivity (Hc) of the samples were calculated, and the obtained values are
listed in Table 2.
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Fig. 4. Magnetic hysteresis loops of 0.7BiFeQs- 0.3(BaTi;«Ce.O3) ceramics [x=0,0.01,0.03,0.05,0.07].
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Table 2. Parameters from Magnetic hysteresis loops of 0.7BiFeQ3-0.3(BaTi;..CexO3) ceramics
[x=0,0.01,0.03,0.05,0.07].

Saturation Remanent . .
N .. Coercive Magnetic
magnetization Magnetization .
Sample field He anisotropy
m ol (0¢) K)
(emu/g) (emu/g)
Ce00 0.119 59.32 557.7 69.2
Ce01 0.114 58.86 258.2 30.6
Ce03 0.158 53.31 552.0 91.1
Cel05 0.100 78.71 278.2 28.9
Ce07 0.110 64.05 557.6 64.0

The variations in the Ms, remanence, and coercivity are directly related to the variations in
the lattice parameters, Fe-O-Fe bond lengths, and angles. From the XRD studies, it is also clear that
these structural variations affect the magnetic super-exchange interactions of the A and B sites. The
addition of Ce ions influenced the magnetic properties, the basic sample Ce00 exhibited a mild
saturation magnetization (0.1191 emu/g). In addition, the magnetization initially decreased in Ce01
(0.1136 emu/g) and increased in Ce03 (0.1584 emu/g). The significant improvement in Ms for the
Ce03 sample suggests that Ce addition disturbed the spin configuration of BiFeOs, resulting in an
enhanced net magnetic moment of the sample. In addition, it aligns with the XRD data showing an
ideal increase in the unit cell volume and slight structural changes in this sample. These variations
align with those of other rare-earth-substituted BiFeO3;_BaTiO; ceramics from existing reports [24].
At higher Ce concentrations Ce05 and Ce07 sample the magnetization is decreased in which is due
of the non-magnetic nature of the Ce ions. The coercivity values exhibited a nonlinear trend with
the composition. Initially, it decreased from 557.67 Oe to 258.21 Oe for the Ce0l sample and
increased for the Ce03 and Ce(07 samples. The initial decrease indicates that Ce addition has fewer
pinning effects on the domain walls, enabling magnetization reversal. The increase in Hc indicates
that Ce addition enhances magnetic anisotropy, which improves the energy required to invert the
magnetic domains. This behavior corresponds to previous studies on Ce-doped magnetite, where the
initial decrease in coercivity was due to improved domain wall mobility linked to lattice distortions
and anisotropic interactions [25]. The remanence Mr exhibited significant variations with the Ce ion
concentration. The maximum remanence observed for the Ce05 sample suggests improved
alignment of the magnetic domains and reduced spin canting, resulting in stronger ferromagnetic
behavior. The magnetic crystallographic anisotropy of the samples was calculated using the standard
formula K=(Ms*Hc)/0.96, where Hc-coercivity and Ms-saturation magnetization. The obtained
magnetic anisotropy values are listed in Table 2. The high K value observed for the Ce03 sample
indicates that the addition of Ce maximizes anisotropic interactions. At higher concentrations of
Ce05 and Ce07, the K values decreased due to increased lattice distortions and weak exchange
interactions in the sample. The changes in the magnetic properties with Ce ion addition alter the
domain structure and spin-orbit coupling, making these materials suitable for multiferroic and
spintronic applications.

3.4. Dielectric studies

Fig. 5 shows the variation in the dielectric properties of the Ce-doped BFO-BT ceramics at
a frequency of 1 MHz. The maximum peak temperature (Curie temperature, Tc) first decreased with
Ce doping, and thereafter, Tc remained constant or unaffected by Ce doping. Generally, Ce exists
in two oxidation states, Ce*” and Ce*". When Ce is doped into BaTiO;, it can enter the A or B-site
depending on the Ba/Ti ratio and sintering conditions [26-27]. At low Ce doping values (< 8 at%)),
it can enter the A-site of the ABOs perovskite.
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Fig. 5. Dielectric studies of 0.7BiFeQ;s - 0.3(BaTi;.CexO3) ceramics [x=0,0.01,0.03,0.05,0.07].

Here, ionic radii of Ce (Ce**1.34 A.U and for Ce*" 0.87 A.U for 12 & 6 coordination no.s
respectively), Ba*" (1.61 A.U for 12 CN), and Ti*" (0.601 for 6 CN) are close to Ba*" and Ti*".
Therefore, it can enter either the Ba?* or Ti*' sites. In the present study, it may have entered the A-
site. The reasons for this are as follows. Fig. 5 shows almost no effect on the Curie temperature when
Ce was doped into the material. Min Shang et al. [28] showed that, in the case of BCZT, the Curie
temperature was unaffected by A-site doping compared to B-site doping. It has been shown that the
mismatch in the ionic radii of different ions generates a local strain field called the “c*” effect. This
is the local electric field generated by the chemical valence mismatch between the host and dopant
ions [29]. In the present study, the A-site was occupied by Ba, Bi, and Fe ions. Simultaneously,
chemical valence mismatch situations may be compensated by other compensation mechanisms,
such as titanium valence compensation [30]. Wei Li et al [31] studied Ce doping into 0.67BF-0.33BT
and observed that the Curie temperature was unaffected up to a certain amount of Ce doping into
the Bi** site. In the present study, Tc is nearly constant at higher Ce concentrations Ce005, and
Ce007 indicates that the effects of the strain fields are largely offset by alternative mechanisms, such
as charge balancing through shifts in Ti valence. Fig. 5 shows the variation in tan 6 with temperature.
The dielectric loss is nearly independent of the temperature over a temperature range and increases
at high temperatures. This behavior is due to temperature-dependent conduction processes, such as
the movement of oxygen ions at higher temperatures. The stable dielectric response of the present
Ce-doped BFO-BT system indicates that the defect dipoles have a limited impact on the polarization
mechanism.

3.5. P-E loop studies

The ferroelectric properties of the Ce-doped BFO-BT ceramics were calculated using a
polarization—electric field (P-E loop) graph, as shown in Fig. 6. The values of Ec and Pr obtained
for the samples are listed in Table 3. The remanence and coercivity decreased with increasing Ce
concentration. As shown in Fig. 6, as the Ce concentration increased, the P-E loop narrowed,
indicating the relaxor behavior of the samples [30]. This type of transition is typically observed in
the BiFeOs-based ceramics. Ec decreased from 1673.2 kV/em?® (Ce00) to 738 kV/ecm® (Ce007), and
Pr also followed the same trend, decreasing from 0.03 (Ce00) to 0.0092 uC/cm* The observed
decrease in Ec indicates improved domain wall mobility with increasing Ce concentration. This also
suggests a shift from typical ferroelectric behavior towards a more disordered relaxor state. This
relaxor behavior was due to the addition of Ce ions, which introduced lattice distortions in the
samples, as observed in the XRD studies. These strain fields create localized electric fields that
interfere with the long-range ferroelectric order and promote diffuse phase transition, which is
evident from the narrow P-E loops of the sample. The decrease in Pr indicates weakening of the
ferroelectric domain alignment. The energy storage density (Wrec), of all samples was calculated
using the standard relation [32], and the obtained values are listed in Table 3. Wrec increased with
increasing Ce concentration, and the maximum value was observed for the Ce07 sample, which was
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due to an increase in Es and decrease in Pr. The obtained results confirmed that these Ce-doped BF-
BT ceramics are suitable for energy storage applications.
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Fig. 6. P-E hysteresis loops of 0.7BiFeQOj3- 0.3(BaTi;.«Ce.O3) ceramics [x=0,0.01,0.03,0.05,0.07].

Table 3. Parameters ( E., P,, Es, Ps and W) from Electrical hysteresis loops of 0.7BiFeO3-0.3(BaTi,.
+Cex03) ceramics [x=0,0.01,0.03,0.05,0.07].

oo | N | paciemy | BOGEm T pgcromy [ Ve
0.00 1.6732 0.030 11.625 0.1955 0.961
0.01 1.0396 0.017 11.070 0.1786 0.8394
0.03 1.3567 0.023 11.107 0.1923 0.940
0.05 1.1125 0.016 14.954 0.2298 1.599
0.07 0.7385 0.0092 16.707 0.2331 1.872

4. Conclusions

Ce-doped BF-BT ceramic samples were prepared using a solid-state reaction. The XRD data
analysis using the Rietveld refinement program confirmed the formation of a rhombohedral structure
with small distortions at room temperature. The obtained Fe-O band angles and bond lengths from
the XRD refinement indicated that the Ce ion addition in the BF-BT system influenced the magnetic
super-exchange interactions within the FeOs octahedral, modifying the ferroelectric and magnetic
responses. The FESEM studies revealed that good microstructure with well-defined grain
boundaries. The observed variations in Ms and Hc in the magnetic studies support the addition of
Ce, which modifies Fe’'-O* Fe’" super-exchange interactions, reducing long-range magnetic
ordering.

The decrease in the magnetic anisotropy constant at higher Ce concentrations was due to
lattice distortions and weak exchange interactions. The observed peak broadening of the dielectric
constant with increasing Ce concentration indicates a phase transition of the sample. This phase
transition is due to the formation of local strain fields due to the difference between the ionic radii
of the Ce and Ti ions. The dielectric loss tangent is stable at long-range temperatures. The observed
thin P-E loops indicate a shift from ferroelectric relaxor behavior due to structural disorder and
weaker domain-wall pinning.
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The energy storage density improved with the addition of Ce ions, indicating that the
samples retained ferroelectric energy storage potential. The enhanced efficiency of the samples at
higher concentrations indicated that these materials are suitable for actuator applications.
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